Summary. Low resolution spectra of cool giants and supergiants observed with the International Ultraviolet Explorer {IUE) satellite contain emission features for which it has been difficult to establish unambiguous identifications. High resolution spectra of RRTel and /3Gru (M3 II) show lines which can be definitely attributed to Fe n. The presence of particular transitions and absence of others suggests that the source of excitation for levels with excitation energy around lOeV is emission in the HLya line which is strong and broad in the cool giants and supergiants. New laboratory spectra confirm the excitation route for Ly a pumping to a further 4 G° level at ~ 13 eV, which decays to give the strong feature at 1870 Â observed at low spectral resolution in several cool stars.
Introduction
Since observations of the far ultraviolet spectra of astrophysical objects have become possible there hàs been renewed interest in the spectroscopy of atomic and ionic species below 3000 Â. Fe n is an ion of interest for a variety of reasons. It is a major contributor to line emission between 2200 and 3000 Â in the spectra of late-type stars and of Seyfert galaxies and quasars.
The ratios of Unes in the various Fe n multiplets between 2200 and 3000 Â are not always those expected in optically thin conditions. Several multiplets (e.g. UV 32) with low transition probabilities are strong and are formed by line leakage from optically thick lines (e.g. UV 1) with a common upper level. However, such interlocking does not account for the strength of Unes from levels around 10 eV above the ground state. In spectra obtained with the International Ultraviolet Explorer {IUE) satellite lines from multiplets such as UV 399 are observed to be strong in the slow nova RRTel and in the cool supergiant ß Gru (M3 II). Pension et al. (1983) and Brown, Ferraz & Jordan (1981) respectively, discuss the excitation of the lOeV levels in these sources. Whilst collisional excitation at r e ~ 10 4 K seems unlikely, some selective excitation mechanism or some strong source of ionization followed by recombination is clearly operating. For example, in ß Gru the S. Johansson and C. Jordan population of the upper level of mult. UV 399 is comparable with that of its lower level showing that even a Boltzmann population based on the ground state of Fen is not appropriate. Brown, Jordan & Wilson (1979) suggested that the strong broad H Ly a line in the cool giants and supergiants could photo-excite the 10 eV levels, thus accounting for emission features which appear in low resolution spectra between 1200 and 2000 Â. Although some of these features are now known to have other identifications there is new evidence, discussed below, that the strongest lines which could be excited by H Ly a are present.
Other photo-excitation processes are already known in RR Tel and the cool giants and supergiants. Some time ago Haisch et al. (1977) , following Bowen (1947) , suggested that H Ly ß is effective in pumping a high O i level, thus accounting for the characteristically strong Oi resonance lines in the low gravity G, K and M stars. Johansson (1983) has recently found several strong lines between 2000 and 3000 Â in the spectrum of RR Tel which decay from a level in Fe n which can be pumped by the C iv line at 1548 Â.
The excitation of Fe n is interesting in other objects also. Stalio & Selvelli (1980) suggested that in the Be star HD 45677 the continuum emission, which drops rapidly below 1200 Â, may account for the high population of levels up to ~ 10 eV, giving rise to both absorption and emission lines. Johansson (1977 Johansson ( , 1978a has identified many lines between high Fe n levels in both emission and absorption in the luminous objects v Sgr and r¡ Car; here again continuum emission may be important.
Although in principle resonant collisions with excited hydrogen could produce a similar spectrum, we estimate that the process is less likely than photoexcitation.
The known term scheme of Fe n has been extended in recent years through laboratory work by Johansson (1978b) (unpublished calculations). The oscillator strengths calculated by Kurucz (1981) can also be used to study decay routes from excited levels. Further laboratory work has been carried out in order to investigate possible routes for H Ly a pumping and some new results are reported in Section 3.
The present paper is concerned with line identifications and does not address the absolute or relative line fluxes. The excitation proposed simply depends on sufficient available flux in the very broad H Ly a line in the source. The general properties of the observed stellar spectra are reviewed in Section 2. Lines specifically associated with possible H Ly a excitation are discussed in more detail in Section 3. A simplified term scheme for Fe ii illustrating some levels and transitions of interest is given in Fig. 1. 2 Observations of stellar spectra
The general properties of the spectra of cool giants and supergiants in the region from 1200-2000 Â can be seen from Fig. 2(a-d) . These show low resolution spectra of a Tau (K5III), j3 Gru (M3 II) (from Brown & Jordan 1980) , of o: Ori (M21 ab) (from Basri, Linsky & Eriksson 1981) , and of XVel (K5Ib) (from Hartmann, Dupree & Raymond 1980) , all obtained with the IUE satellite. The details of the spectra are given by the above authors.
The strongest features in the spectra of a Tau, ß Gru and XVel, apart from geocoronal H Ly a, are due to the blends Oi+Si at -1300Â, and Sin + Si at -1807-1826 Â. The composition of the blends is known from high resolution spectra of a Tau and ß Gru (Brown & Jordan 1980) and an unpublished spectrum of XVel, obtained by Jordan & (d) Wavelength (Â) Figure 2 . Low resolution spectra of cool giants and supergiants: (a) ce Tau, (b) ßGru, both from Brown & Jordan (1980) , (c) Wei, from Hartmann et al. (1980) , (d) ce Ori, from Basri et al. (1981) . The identifications marked are not all as given by the earlier authors; see text. Crosses indicate saturated pixels. R indicates reseaux, H Ly ce is predominantly geocoronal (G). S. Johansson and C. Jordan Brown. Carpenter & Wing (1979) showed that in a Ori, Si dominates the blend at 1807-1826 Â. Other features are apparent at low resolution whose identifications have been confirmed by precise wavelengths in high resolution spectra, e.g. Oi at 1641.3 Â (UV 146) pumped by the O i .resonance lines (UV 2), C i at 1656 Â (UV 2), S i (UV 5) at 1473 Â and 1484 Â, C i (UV 32) at 1993.6 Â, the latter being pumped by C i (UV 2).
One contributor to the emission around 1539 Â at low resolution may be C i (UV 33.04) at 1537.0 Â, an intersystem line pumped by C i (UV4). A line at 1537.0 Â is observed at the Of the Fe n lines which are discussed below, only two can be seen in the low resolution spectra. The blend around 1785 Â, mutilated by a reseau, is Fen (UV 191). The emission around 1870 Â, apparent in the spectra of ß Gru, XVel and a Ori, is now identified with emission from a new 4 G° term.
The remaining emission features in a Tau are too weak to observe at high resolution and do not consistently fit line emission from atoms or low ions. It is possible that they are due to groups of lines in the CO Fourth Positive System, pumped by the strong O i lines. CO fluorescence is known in the solar atmosphere (Jordan et al. 1978b ) and excitation by Oi has been proposed by Ayres, Moos & Linsky (1981) to account for emission in a Boo (K2III).
It is stressed that in the late-type stars the H Ly a line is not a sharp feature. The emergent profile is substantially broadened by scattering from a high opacity and has an asymmetric profile, with an enhanced red wing, typical of line formation in an accelerating outflow. The odd 4p and 5p levels falling in these intervals are marked in the figure along with some of the possible pumping channels. Relevant data for these levels are given in Table 1 , such as level energies (Johansson 1978b) , calculated wavelengths and logg/ values of the transitions from a 4 D (Kurucz 1981) . We have also inserted the relative intensities (logarithmic scale) of those transitions which appear in the laboratory spectrum of Fen, shown in Plate 1. It should be noted that some of the predicted transitions in Table 1 may be masked by Ly a in the laboratory spectrum. Because substantial level mixing occurs it is first necessary to discuss this and the effect it has on the oscillator strengths of the lines.
The upper terms in Fig. 1 The presence of transitions to a 4 D from the other odd levels in Table 1 reveals a mixing of these levels with the 5p quartets. In some cases these transitions are calculated to have a large gf value, which indicates that the mixing is predicted by theory. This is the case for Sp 6 F° where the calculations by Kurucz (1981) (Johansson 1978b) . This is an example of accidental coincidence of levels with the same J value, which has been discussed for Fen by Johansson (1984) . In the calculations of Kurucz it is the/= 11/2 levels of these terms which nearly coincide and are predicted to be mixed. However, there is no experimental evidence for this mixing. Log gf from Kurucz (1981) Í Laboratory relative intensity (see Table 1) The two {b 3 P)Ap 4 P° levels are mixed with the ( s D)5p*P° levels and may for the purpose of this investigation be regarded as the two Sp 4 ? 0 levels that are missing in Table 1 . The {b z P)Ap*S% n level combines strongly with the *D S¡2 level of 5s and 6s and is presumably mixed with 5p*P\/ 2 -Thus in spite of the low calculated oscillator strengths for some transitions the laboratory data show that in principle excitation by photons with ± 3 Â of the rest wavelength of H Ly a: (1215.67 Â) could take place.
It is not possible to detect any absorption lines superimposed on the stellar emission H Ly a emission line because of the presence of interstellar H Ly a absorption. S. Johansson and C. Jordan Table 2 . As discussed above, because of mixing, the calculated gf values do not give an entirely reliable guide to which transitions might be expected. Some of the transitions are observed in the laboratory, but in general they are weak compared with the decays to a*P. The spectrum of ß Gru around H Ly a is shown in Fig. 3 . It can be seen that emission occurs around 1220 Â. The original photo-write of SWP 17847 also shows weak emission around 1209.5 Â. In RRTel interstellar absorption extends to ±3Â from the H Ly o: line centre and Ov] at 1218 Â is present. Weak emission occurs to longer and shorter wavelengths. It is not possible to distinguish between continuum emission and the far wings of H Ly a in RR Tel.
In ß Gru Si can also contribute emission at around 1209 and 1220 Â, again through levels which can be pumped by H Ly a (Judge 1983; Jordan & Judge 1984) . There are, however, two possible lines of Fe n at 1209.43 and 1209.50 Â, and five Fe n transitions (see Table 2 ) which occur between 1219 and 1220 Â. The absence of most of these in the laboratory is consistent with their low/-values.
The emission in the lines around 1209 and 1220 Â is expected to be up to an order of magnitude weaker than that in the decays to a 4 P and thus the observations of this emission in ß Gru can be regarded only as consistent with excitation by H Ly a.
decays to a 4 P
The levels given in Table 1 which can be excited by H Ly ce±3 Â, also have decays to a 4 P.
These are shown in Table 3a . Table 3b gives the decays to a 4 P from the same upper terms but from levels which cannot be reached by HLyo:±3 Â. Many of the transitions are Kurucz (1981) . m May be masked or blended with observed in the laboratory. However, only the transitions in Table 3a coincide with lines observed in ß Gru; none of the lines in Table 3b is observed in ß Gru. In RR Tel emission features are present around 1295-1299 Â (see print in Penston et al. 1983) but they are too weak to extract.
The excitation routes given in Table 1 and decay routes listed in Table 3 and shown in Fig. 1 can now be used to investigate whether or not the observed lines are consistent with selective photo-excitation by H Ly a. Because the flux and profile of the stellar Ly a emission in the region where Fe n would be excited are not known it is not yet possible to make a quantitative prediction of the intensities of lines in the Fe n spectrum.
The spectrum of ß Gru in the region from 1281 to 1302 Â is shown in Fig. 4 . The spectrum contains many excited phosphor spots and the original photo-write has been used to distinguish between these and real emission.
The strongest emission lines observed lie at 1289.15, 1293.66 and 1299.35 Â (all ±0.15 Â). The first may be identified with the transition Sp^Dl^-a^P^j at 1289.09 Â, which is observed in the laboratory indicating that the calculated /-value given in Table 3 H Ly ce and cannot be observed on the deeply exposed laboratory spectra. There is one level which has observed excitation and decay routes in the laboratory but from which no stellar line is observed. The transition is 5p^D 0 1/2 -a^P s/2 at 1299.99 Â. Its absence must be attributed to the weakness of emission in the excitation route at 1212.96 Â.
The absence of decays from 4 F5 /2 could also be attributed to the weakness of any exciting emission at 1213.74 Â, but they are also absent from the laboratory source, suggesting that the oscillator strengths really are smaller. Taking into account evidence of mixing between the various configurations, which would allow excitation in lines for which the calculated /-values are small, the lines observed in ß Gru are consistent with excitation by radiation within ±3 Â of H Ly a. The absence of strong lines from 5p 4 F? /2 and 4p 4 P% /2 , which do not have excitation routes within ±3 Â of H Ly a, is consistent with the model. The identified transitions and their excitation and decay routes are summarized in Table 4 .
DECAYS TO C 4 F
The upper terms 4p 4 G 0 and 5p 6 F° listed in Table 1 do not decay strongly to a 4 P but have transitions to c 4 F which have appreciable oscillator strengths. These are listed in Table 5 . For 4p 4 G£ /2 the main decays are to which give rise to lines at 2506.43 and 2508.34 Â (X air above 2000 Â). These transitions are observed in both RR Tel and ß Gru, but are much weaker in ce Tau. The spectra of ß Gru and a Tau are shown in Fig. 5 . Although the other excited levels in Table 1 can decay to c 4 F, the calculated transition probabilities are at least two orders of magnitude smaller. The 4 Gj 1/25 4 G7 /2 and *G® /2 upper levels which cannot be reached by radiation with ± 3 Â of H Ly a also decay strongly to c 4 F but the lines concerned are not observed. A line at ~ 2516 Â, which is not expected to be strong, is observed and may be due to Si i (1). The line at 2504.81 (c 4 F 9/2 -6 F9 /2 ) in RR Tel, which is too weak to observe in a Tau or ß Gru, confirms the mixing of 4 G9 /2 and 6 F9 /2 and the selective population of the 4 G9 /2 level. The line can therefore be positively identified with the above transition even if the calculated log-gf value is less than -5. The calculated oscillator strength for the a^D 1/2 -4p 4 G 9/2 transition should be too small, as verified by the presence of this line in the laboratory spectrum (see Table 1 ). Because of the mixing between Ap^G% /2 and 5p 6 F9 /2 and between 5p 6 F% 2 and 5p*F% 2 the line can be considered as a 'companion' to the a*D 1 / 2 -5p*F% /2 transition, which is expected to be the strongest one of all the transitions from ¿z 4 /) to the 5p levels.
3.5 DECAYS VIA e 6 /) AND e 4 /)
Other decay routes from the odd upper levels listed in Table 1 have been investigated. For all the levels except 4p A G% 2 (discussed above) and 4p 4 53 /2 (discussed below) the are required to investigate these weaker lines. The decays to a 4 G may contribute to the strength of the feature at ~ 1539 Â in the low resolution spectra of ß Gru, X Vel and a Ori. The long exposure high resolution spectrum of ß Gru shows a line at 1534.9 Â which corresponds to 5p 4 F% /2 -a 4 G 5/ 2 1534.84 Â, which according to the oscillator strengths calculated by Kurucz is one of the strongest lines expected in this group. As mentioned above a C i] transition at 1537.0 Â may also contribute to the total low resolution flux.
Another strong feature present at high resolution in 0 Gru is mult. UV191 at 1785-1788 Â. This is the transition 3d 5 4s 2 6 S 5/2 -x 6 F^/ 2f5/2j3/2 , the latter term being 3d 5 ( 6 S)4s 4p( 1 F) 6 P. There is no obvious direct route for photo-excitation in this multiplet. Photo-excitation by continuum radiation has been suggested as the source of excitation in systems including Be stars (e.g. Stalio & Selvelli 1980) , and a coincidence between Sin (UV 4) at 1260.42 Â, and UV 9 of Fen at 1260.53 Â has been noted by Nussbaumer (1977) . Nussbaumer, Pettini & Storey (1981) concluded that collisional excitation from a e S to X e P° could be important. Engvold, Jensen & Moe (1983) also favour excitation Selective excitation of Fen by continuum radiation below 1300 Â even in ß Gru and a Ori. Pension et al (1983) note; the close proximity of x 6 P° to the e^D levels which are observed to have a high population;
at present their explanation of collisional transfer between levels which differ in energy by only a few hundred cm -1 seems the most likely. The absence of Fe n (UV 9) in emission is understandable since the branching ratio from x 6^0 is such that this multiplet is a factor of ~ 9 weaker than UV 191. The region between 1784 and 1790 Â in ]3 Gru is shown in Fig. 4 The appearance of the lines in Table 6 in the hollow cathode lamp is due to another selective excitation mechanism. When the lamp is run with neon high levels in Fen are excited through charge transfer between Ne + and Fe. This phenomenon was discussed by Johansson (1978b) and has been further investigated by Johansson & Litzen (1978) . The optimum condition for the hollow cathode lamp to produce Fen is a pulsed discharge in argon. Plate 1 shows three spectrograms around H Ly a produced under different excitation conditions in the laboratory source. The spectrum shown in Plate la is from an unpulsed Fe-Ne discharge, where the two lines at 1215.18 and 1215.87 Â in Table 5 appear unblended. The spectra shown in Plate l(b and c) are from pulsed discharges with Ar and Ne as carrier gas respectively. These spectra contain some of the lines in Table 1 . By comparing the three spectrograms we can infer that some lines e.g. 1208.9 and 1209.0 Â are excited by charge transfer collisions between Fe and Ne + , since they appear in Although it is difficult to prove the excitation mechanism without extensive model atmosphere calculations, the circumstantial evidence is such that we conclude that the H Ly a excitation mechanism is operating. These results underline the importance of further work on the energy level structure of ions such as Fe n and the need for improved oscillator strengths taking into account further configuration interaction than has hitherto been possible. Observations in the far-infrared spectrum would also allow many of the predicted decay routes to be investigated. Johansson (1983) has already identified infrared decays from an Fe n level pumped by C iv emission in V1016 Cyg. The H Ly a pumping process has implications beyond the basic stellar spectroscopy and its contribution to the total radiation pressure in cool giants is now being investigated.
The pumping processes will disturb the expected populations of the low metastable levels in Fen. In view of recent observations of anomalous intensities of [Fen] lines between a 4 F and a*D in the supernova remnant MSH15-52 (Seward et al. 1983) , the process may have broader astrophysical significance.
